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SYSTEM AND METHOD FOR 
THREE-DIMENSIONAL MEASUREMENT OF 

THE SHAPE OF MATERIAL OBJECTS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The disclosure relates to the three-dimensional (“3D”) 
measurement of material objects. 

2. Background Discussion 
There are knoWn devices and methods for performing non 

contact measurement of a 3D surface shape of a material 
object, such as through the use of a structured-light triangu 
lation method. The triangulation method of measuring the 
surface shape of material objects utiliZes the projection of 
light onto the surface of the object that is, generally, an ampli 
tude-modulated, time-modulated and/or Wavelength-modu 
lated (“structured light”). An image of structured light pro 
jected onto the surface of an object (hereinafter referred to as 
“the image”) is captured by a camera in a direction different 
from the direction that the structured light is projected. The 
image is then analyZed to calculate the shape of the object’s 
surface. A number of parameters impact analysis results, such 
as parameters of the particular system that forms the struc 
tured light and scans the image, the shape of the surface, the 
distance betWeen the surface of the object and the compo 
nents of the system, the orientation of the object in relation to 
the components of the system. Since generally most of the 
parameters listed are either previously knoWn or easily iden 
ti?ed, With the exception of the shape of the object, the dis 
tance betWeen the surface of the object and the components of 
the system, the orientation of the object in relation to the 
components of the system, it is possible to determine the 
shape of the obj ect’s surface using a triangulation method to 
analyZe the image. 

SUMMARY 

In accordance With one or more embodiments, a system 
and method are provided for the 3D measurement of the shape 
of material objects using non-contact structured light trian 
gulation. The system includes a light projector for projecting 
a structured light pattern onto the surface of any object and a 
camera for capturing an image of the structured light pattern 
acting on the surface of the object. The system further 
includes computing device for determining the 3D measure 
ment of the surface shape of the illuminated object through a 
triangulation algorithm employed based on a calculated cor 
respondence betWeen the projected structured light and the 
captured image. The structured light includes coded elements 
that lie Within planes passing through vertices of the central 
projection areas of both the projector and the camera, Where 
such planes also that pass through the space of the object 
being measured. This arrangement alloWs a correspondence 
betWeen the coded elements in the structured light and the 
captured image to be easily identi?ed by restricting the num 
ber of directions in Which the structured light can be deformed 
to one knoWn direction, thereby providing a system and 
method of quickly and accurately obtaining the 3D measure 
ment of the surface shape of objects using a non-contact 
structured-light triangulation methodology. 

DRAWINGS 

The above-mentioned features and objects of the present 
disclosure Will become more apparent With reference to the 
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2 
folloWing description taken in conjunction With the accom 
panying draWings Wherein like reference numerals denote 
like elements and in Which: 

FIG. 1 is a block diagram representation of a system for the 
3D measurement of the shape of material objects in accor 
dance With one or more embodiments of the present disclo 
sure. 

FIG. 2 is a geometric diagram of the layout and relation 
betWeen a projector, a camera and a measured object using 
triangulation. 

FIG. 3 is an example of a slide and the corresponding image 
in a structured light triangulation system. 

FIGS. 4A-4C are representative examples of structured 
light patterns used in a structured light triangulation system. 

FIG. 5 is an illustration of projector and camera meridians 
in accordance With one or more embodiments of the present 
disclosure. 

FIG. 6 is a partial perspective vieW of the geometric rule of 
meridian positioning in the system for the 3D measurement of 
the shape of material objects in accordance With one or more 
embodiments of the present disclosure. 

FIG. 7 is a representative example of geometric relative 
positioning of the projector With respect to the camera in the 
system for the 3D measurement of the shape of material 
objects in accordance With one or more embodiments of the 
present disclosure. 

FIG. 8 is an illustration of the projector and camera merid 
ian positions for the relative projector and camera positioning 
of FIG. 7. 

FIG. 9 is a representative example of geometric relative 
positioning of the projector With respect to the camera in the 
system for the 3D measurement of the shape of material 
objects in accordance With one or more embodiments of the 
present disclosure. 

FIG. 10 is an illustration of the projector and camera merid 
ian positions for the relative projector and camera positioning 
of FIG. 9. 

FIG. 11 is a representative example of geometric relative 
positioning of the projector With respect to the camera in the 
system for the 3D measurement of the shape of material 
objects in accordance With one or more embodiments of the 
present disclosure. 

FIG. 12 is an illustration of the projector and camera merid 
ian positions for the relative projector and camera positioning 
of FIG. 11. 

FIG. 13 is an illustration of a representative light structure 
generated by the in the system for the 3D measurement of the 
shape of material objects in accordance With one or more 
embodiments of the present disclosure. 

FIG. 14 is an illustration of a representative captured image 
taken from a planar object corresponding to the light structure 
of FIG. 13 for the relative projector and camera positioning of 
FIG. 7 in accordance With one or more embodiments of the 
present disclosure. 

FIG. 15 is an illustration of a representative captured image 
taken from a non-planar object corresponding to the light 
structure of FIG. 13 for the relative projector and camera 
positioning of FIG. 7 in accordance With one or more embodi 
ments of the present disclosure. 

DETAILED DESCRIPTION 

In general, the present disclosure includes a system and 
method for the 3D measurement of the shape of material 
objects. Certain embodiments of the present disclosure Will 
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noW be discussed With reference to the aforementioned ?g 
ures, Wherein like reference numerals refer to like compo 
nents. 

Referring noW to FIG. 1, a block diagram illustration of a 
system 100 for the 3D measurement of the shape of material 
objects is shoWn generally in accordance With one or more 
embodiments. The system 100 includes an optical unit 102 
and a computing device 104. The optical unit 102 produces 
structured light With one or more projectors 106. In one 
embodiment, the projector 106 is a slide projector including a 
light source 126 and a light modulating device 122 for modu 
lating the light emitted from the light source 126. The light 
modulating device 122 may be a slide-type including a slide, 
a liquid crystal display (LCD)-type including a liquid crystal 
screen, or other device for creating structured light, Where 
such device Will be hereinafter referred to as slide 122. The 
projector further includes a lens 181 having a vertex 124 for 
projecting a slide image as structured light 113 about a light 
cone 114 onto the surface 110 of an object 111 being mea 
sured. In accordance With this and other embodiments, the 
structured light 113 can also be generated using other meth 
ods, such as interferential, moir and diffractive light genera 
tion methods. 

In one or more embodiments, the projector 106 projects 
structured light in a Wavelengths selected from one of optical, 
visible and infrared Wavelengths. In one or more embodi 
ments, the projector 106 comprises a ?ashlight. In one or 
more embodiments, the projector 106 is a continuous light 
source. 

The optical unit 102 includes a camera 108 or other image 
detecting device for capturing an image of the structured light 
113 acting on the surface 110 of the object 111. In one or more 
embodiments, the camera 108 includes a lens 180 having a 
vertex 130, a matrix radiation receiver 128 and a camera 
driver 132. The lens 180 forms the image on the surface of the 
matrix radiation receiver 128. The camera driver 132 func 
tions as an electronic signal management and processing unit 
Which controls operation of the matrix radiation receiver 128 
and can convert the image captured by the receiver 128 to 
another format (e.g., VGA, bmp, jpeg, etc, as desired or 
required before the captured image is transferred to the cam 
era output 134. The camera 108 includes a ?eld of vieW 118 
that encompasses a portion of the surface 110 of the object 
111. The projector 106 includes a central projector optical 
axis 112 and the camera 108 includes a central camera optical 
axis 116, such that the triangulation angle 120 is the angle 
extending betWeen Where the projector optical axis 112 and 
the camera optical axis 116 intersect. 

The computing device 104 analyZes the captured image 
received from the camera output 134 to perform the desired 
calculations, such as but not limited to the 3D shape of the 
surface 110 of the object 111, the distance to the object 111 
and the orientation of the surface 110 being captured. The 
computing device 104 can also to control the projector 106 
and the camera 108 and their various components included 
therein. 

Referring noW to the geometric layout diagram of FIG. 2, 
the functioning of the optical unit 102 Will be described in 
greater detail With respect to one or more embodiments. The 
center 124 of the entrance and exit pupils of the projection 
lens 181 of the projector 106 are in one or more embodiments 
the vertex of the projected structured light 113, While the 
center 130 of the entrance and exit pupils of the lens 180 of the 
camera 108 are in one or more embodiments the vertex of the 

camera ?eld of vieW 118. 
Through the use of a triangulation method, a plurality of 

points in the slide 122 are projected onto the surface 110 of an 
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4 
object 111 and then mapped one-to-one to respective points in 
the captured image that is captured by the camera 108. The 
position of each point in the captured image depends on a 
variety of factors, such as the distance to the surface 110 of 
object 111 and the shape and orientation of the surface 110 in 
relation to the optical unit 102. In order to reconstruct the 
shape and position of the surface 110 being measured, each 
point in the captured image is associated With a respective 
point in the slide 122 and then the shape, position and/or 
orientation of the surface 110 is derived from the coordinates 
of the points using triangulation techniques knoWn to those 
skilled in the art. FIG. 2 illustrates one possible method of 
calculating the shape of a surface 110 at a certain point based 
on the corresponding points on the slide 122 and on the 
captured image at the receiver 128. 

Referring noW to FIG. 3, an illustrative example is pro 
vided shoWing a perspective vieW of hoW a projected image 
and a captured image are utiliZed to determine the shape of the 
surface 110 ofan object 111. A slide 122 having a pattern of 
lines 162 performs amplitude modulation of the projected 
light from the light source 126 to project the pattern as struc 
tured light 113 from the projector 106 onto the surface 110 of 
the object 111. A pattern of lines 186 then appears on the 
surface 110. The camera 108 records the corresponding 
resulting captured image 140 of the structured light 113 act 
ing on the surface 110. In this example, the complexity of 
calculating the shape of the surface 110 resides in the com 
plexity of identifying correspondence betWeen lines 185 in 
the pattern in the captured image 140 and lines 162 in the 
pattern in the slide 122. It can sometimes be dif?cult to 
determine the proper correspondence betWeen lines in the 
image 140 and the slide 122 because all lines have similar 
appearance and it is dif?cult to tell Which line 162 in the slide 
122 generated a given line 185 in the captured image 140. 
Further, as the shape of the object 11 becomes more complex, 
the more frequently the lines can break and the more complex 
the task becomes of ?nding correspondence betWeen the slide 
122 and the captured image 140. 

In order to simplify the task of searching for correspon 
dence betWeen points in the captured image 140 and the slide 
122, the projected light 113 can be structured to represent an 
assemblage of distinct elements that can be identi?ed in the 
captured image 140. The introduction of this heterogeneity 
into the captured image 140 is termed “coding.” FIGS. 4A-4C 
illustrate several representative examples of coded structured 
light 113 that can be projected onto the surface 110 of the 
object 111. 

Despite the presence of coding, the task of identifying 
elements of structured light in an image captured by the 
camera 108 is still complex, especially due to the presence of 
perspective deformation caused by the ?niteness of the dis 
tance betWeen the object’s surface 110 and the projector 106 
and the camera 108. Perspective deformation distorts the 
captured image 140 of the structured light 113 in tWo direc 
tions and depends on the shape of the surface 110 in each 
point of the captured image 140. As a result, each element of 
the projected structured light 113 may unpredictably shift, 
turn or tWist its shape in the captured image 140, so that its 
identi?cation Will require a tWo-dimensional search in the 
captured image 140 considering all of its possible deforma 
tions (turn, shape deformation). The complexity associated 
With such a search often leads to frequent errors in the detec 
tion of structured light elements in the captured image 140, 
Which results in errors measuring the shape of the object’s 
surface 110. The searching task also requires resource-inten 
sive search algorithms, Which protracts registration time or 
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requires a more powerful, and hence larger and more expen 
sive, computational system or computing device 104. 

In one or more embodiments, the system 100 simpli?es the 
task of detecting elements of structured light 113 in the image 
140 captured by the camera 108 by restricting the number of 
directions in Which the structured light 113 can be deformed 
to one knoWn direction, organiZing a code sequence of struc 
tured light 113 in that direction, and by using special struc 
tured light coding methods, thereby achieving more effective 
and ef?cient 3D imaging. 

Based on a?ine epipolar geometry, if tWo cameras are 
looking at the same object or scene, it is possible to draW a 
straight line through any point in the image of the one camera, 
With all points of the object or scene corresponding to that line 
lying along a straight line in the image of the other camera, 
regardless of the shape of the object or scene. This principle 
can be applied to surface shape scanning using structured 
light triangulation to determine the 3D shape of a material 
object. 

In one or more embodiments, the system 100 and associ 
ated method for the 3D measurement of the shape of material 
objects uses the principle that, regardless of the position of the 
projector 106 and the camera 108 in relation to each other, it 
is possible to draW a straight line 187 through any point of the 
slide 122, such that, When the projected pattern in the struc 
tured light 113 is projected on the surface 110 of the object 
111, a corresponding straight line 188 exists in the image 140 
captured by the camera 108, regardless of the shape of the 
surface 110 being captured. Any pair of such lines 187 and 
188 forms a one-to-one correspondence, Where such lines 
Will be referred to as “meridians” hereafter and, in particular, 
as “camera meridians 188” for the captured image by the 
camera 108 and as “projector meridians 187” for the pro 
jected structured light 113 from the projector 106, as illus 
trated by Way of example in FIG. 5. In one embodiment, the 
projector meridians 187 and camera meridians 188 are rep 
resentative lines that can be represented on the surfaces of the 
slide 122 and the matrix radiation receiver 128, but they are 
not actually part of the pattern that is projected onto the object 
111 and captured by the camera 108. 

In one or more embodiments, as illustrated in FIG. 6, the 
position of the meridians 187 is determined by projecting the 
structured light 113 from the projector lens 181 onto the 
surface 110 of the object 111, Where each of the projector 
meridians 187 Will lie in a plane 125 that extends from the 
vertex 124 of the structured light 113 projected from the 
projector 106 to the surface 110. Each of the camera merid 
ians 188 in the matrix radiation receiver 128 Will also lie in a 
respective one of the planes 125 that also extends from the 
vertex 130 of the camera ?eld of vieW 118 of the camera 108 
in the space of the object 111. The projector and camera 
meridians 187 and 188 lying in the same plane 125 in the 
space of the object 111 form a corresponding pair. 
As such, there are direct interrelationship betWeen the pro 

jector and camera meridians 187 and 188 and the planes 125 
that extend from the vertices 124 and 130. The planes 125 
could be considered similar to a light track for the projector 
and camera meridians 187 and 188 in the space of the object 
111. In other Words, the projector and camera meridians 187 
and 188 can be considered images of the planes 125 on the 
slide 122 and matrix radiation receiver 128 surfaces made by 
the projector and camera lenses 180 and 181. 

While any number of possible orientations betWeen the 
projector 106, the camera 108 and the object 111 are possible, 
several exemplary positioning arrangements Will noW be 
described to illustrate the relation of the projector and camera 
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meridians 187 and 188 in relation to the positioning of the 
projector 106 and the camera 108. 

Referring to FIG. 7, in one or more embodiments, a line 
150 connecting the vertex 124 of the structured light 113 
projected from the projector 106 With the vertex 130 of the 
?eld of vieW 118 of the camera 108 is perpendicular to the 
projector optical axis 112. In this embodiment, the projector 
meridians 187 are strictly parallel, Where an illustration of the 
projector and camera meridians 187 and 188 corresponding 
to this embodiment are provided in FIG. 8. 

Referring to FIG. 9, in one or more embodiments, a line 
152 connecting the vertex 124 of the structured light 113 
projected from the projector 106 With the vertex 130 of the 
?eld of vieW 118 of the camera 108 is perpendicular to the 
camera optical axis 116. In this embodiment, the camera 
meridians 187 are strictly parallel, Where an illustration of the 
projector and camera meridians 187 and 188 corresponding 
to this embodiment are provided in FIG. 10. 

Referring to FIG. 11, in one or more embodiments, a line 
154 connecting the vertex 124 of the central projection 113 of 
the projector 106 With the vertex 130 of the central projection 
118 of the camera 108 is not perpendicular to either the 
projector optical axis 112 or the camera optical axis 116. In 
this embodiment, neither the projector meridians 187 nor the 
camera meridians 188 are required to be strictly parallel, as 
illustrated in FIG. 12. 

In one or more embodiments, the structured light 113 pro 
jected by the projector 106 can be organiZed to restrict the 
number of possible directions and deformations in the cap 
tured image, thereby simplifying the task of identifying struc 
tured light elements in the captured image and, in certain 
cases, achieving complete linearization of the surface shape 
calculation algorithm. The number of possible directions of 
deformations is restricted to the ones along the meridians. 

In one or more embodiments, the slide 122 is selected such 
that structured light 113 is formed possessing at least tWo 
coded elements that lie Within a plane 125 passing through the 
vertices 124, 130 ofthe projector 106 and the camera 108. In 
one or more embodiments, the structured light 113 can be 
formed as a pattern including a plurality of different groups of 
coded elements, Wherein all of the coded elements in each 
group of coded elements lie Within the same respective plane 
125 passing through the vertices 124, 130 ofthe projector 106 
and the camera 108. Different groups of coded elements Will 
lie in different planes 125. In one or more embodiments such 
coded elements could be represented by regions of varying 
shape, form and/ or length. For example, referring to the illus 
trative embodiment shoWn in FIG. 13, the structured light 113 
is formed as a structure 160 possessing tWo coded elements 
164 and 165 represented by regions of different thickness. 
The coded elements are located one by one along the plurality 
of parallel lines 162 so that their sequence Within each line 
162 forms a solid line With varying thicknesses of varying 
lengths. At the same time, all the coded elements lie on a 
plurality of parallel meridians 187 that jointly With lines 162 
form a grid. In this manner, a group including a sequence of 
coded regions 164 and 165 of different thicknesses along each 
meridian 187 Will form a unique sequence relative to the 
sequences of coded regions 164 and 165 in the other adjacent 
meridian 187. It is understood that other types of patterns can 
be generated to generate the coded elements or coded regions 
164 and 165 in the structured light 113. 
Using such a light structure 160 of FIG. 13, portions of 

representative captured images 140 recorded by the camera 
108 based on the relational positioning of the projector 106 
and camera 108 of FIG. 7 are illustrated in FIGS. 14 and 15 for 
representative planar objects (FIG. 14) and non-planar 
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objects (FIG. 15). From these ?gures, it can be seen that 
groups of coded elements 164 and 165 each lie on a respective 
projector meridian 187 in the slide 122 and Will also lie With 
a respective camera meridian 188 in the image 140 (Where the 
projector meridians 187 and the camera meridians 188 are 
illustrated as vertical lines in these ?gures). The particular 
shape of the surface 110 of the object 111 being analyZed Will 
cause the coded elements 164 and 165 in the image 140 to 
move only in a direction along the length of the camera 
meridians 188. A desired 3D measurement of the surface 110 
can then be made by analyzing the movement and/or position 
of coded elements 164 along the camera meridians 188 With 
respect to the position of the respective coded elements 164 
and 165 in the slide 122 and also With respect to the movement 
and/ or position of the other coded elements 164 and 165 in the 
same group of coded elements 164 or 165 along the same or 
different camera meridians 188. 

The structure 160 may be used for any of the embodiments 
described herein. To be used for a particular embodiment, the 
structure 160 should be ?t into a ?eld of the slide 122 by 
Zooming, shifting or otherWise altering the structure 160. In 
addition, the structure 160 may be distorted as necessary so 
that groups of coded elements 164 and 165 of the structure 
160 coincide With meridians chosen for the particular 
embodiment. 

The computing system 104 may comprise a general-pur 
pose computer system Which is suitable for implementing the 
method for the 3D measurement of the shape of material 
objects in accordance With the present disclosure. The com 
puting system 104 is only one example of a suitable comput 
ing environment and is not intended to suggest any limitation 
as to the scope of use or functionality of the invention. In 
various embodiments, the present system and method for the 
3D measurement of the shape of material objects is opera 
tional With numerous other general purpose or special pur 
pose computing system environments or con?gurations. 
Examples of Well knoWn computing systems, environments, 
and/or con?gurations that may be suitable for use With the 
invention include, but are not limited to, personal computers, 
server computers, hand-held or laptop devices, multiproces 
sor systems, microprocessor-based systems, programmable 
consumer electronics, netWorked PCs, minicomputers, main 
frame computers, distributed computing environments that 
include any of the above systems or devices, and the like. 

In various embodiments, the triangulation algorithms and 
the method for the 3D measurement of the shape of material 
objects may be described in the general context of computer 
executable instructions, such as program modules, being 
executed by a computer. Generally, program modules include 
routines, programs, objects, components, data structures, etc. 
that perform particular tasks or implement particular abstract 
data types. These algorithms and methods may also be prac 
ticed in distributed computing environments Where tasks are 
performed by remote processing devices that are linked 
through a communications netWork. In a distributed comput 
ing environment, program modules may be located in both 
local and remote computer storage media including memory 
storage devices. In one embodiment, the computing system 
104 implements 3D shape measurement of objects by execut 
ing one or more computer programs. The computer programs 
may be stored in a memory medium or storage medium such 
as a memory and/ or ROM, or they may be provided to a CPU 
through a netWork connection or other I/O connection. 

The system and method formed in accordance With the 
embodiments described herein provide for the 3D measure 
ment of the shape of material objects using non-contact struc 
tured light triangulation. Such a system and method are 
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capable of quickly and accurately measuring the coordinates 
of a point cloud (i.e., light structure) projected on the surface 
of complex-shaped material objects in one coordinate system 
referenced to the system. These teachings can be applied to a 
Whole range of scienti?c and engineering problems that 
require accurate data about the surface shape of an object, 
distance to the surface, or its spatial orientation. The present 
system and method has useful applications in many ?elds, 
including but not limited to digital imaging, the control of part 
shapes, computer animation, capturing the shape of objects 
that have cultural, historical or scienti?c value, shape recog 
nition, topography, machine vision, medical procedures, spe 
cial positioning of devices and robots, etc. 

The invention claimed is: 
1. A system for the 3D measurement of the shape of a 

material object, comprising: 
a light projector for projecting a structured light pattern 

onto a surface of said object, Wherein said light projector 
comprises a light source, a slide With a slide pattern 
located on a slide surface, and a projector lens charac 
teriZed by a projector lens vertex; 

a device for capturing an image of said structured light 
pattern re?ected on said object, Wherein said device for 
capturing an image comprises a device lens character 
iZed by a device lens vertex; and 

a computing device for determining a measurement relat 
ing to the shape of said object using a triangulation 
algorithm based on a correspondence betWeen points in 
said slide pattern and said image, and 

Wherein said slide pattern comprises a plurality of coded 
elements, Where each of said coded elements is charac 
teriZed by at least one parameter and, Where said at least 
one parameter de?nes a spatial or temporal distribution 
of an amplitude or a Wavelength of said structured light, 
and 

Wherein said coded elements are assigned to one of at least 
?rst group or second group, each of Which ?rst group 
and second group comprising at least tWo of said coded 
elements, and 

Wherein at least a ?rst slide virtual line and a second slide 
virtual line are de?ned on said slide surface, Where said 
?rst slide virtual line is de?ned by an intersection 
betWeen said slide surface and a ?rst plane passing 
through said projector lens vertex and through said 
device lens vertex, and said second slide virtual line is 
de?ned by an intersection betWeen said slide surface and 
a second plane passing through said projector lens vertex 
and through said device lens vertex, and 

Wherein said coded elements of said ?rst group are located 
along said ?rst virtual line and said coded elements of 
said second group are located along said second virtual 
line. 

2. The system of claim 1, Wherein each of said coded 
elements having at least three points that do not lie on a 
straight line. 

3. The system of claim 1, Wherein at least ?rst object virtual 
line and second object virtual line are de?ned on the surface 
of said object, Where said ?rst object virtual line is de?ned by 
an intersection betWeen said surface of said object and said 
?rst plane and Where said second object virtual line is de?ned 
by an intersection betWeen said surface of said object and said 
second plane. 

4. The system of claim 1, Wherein the light projector is 
further characteriZed by a central optical axis, further Wherein 
the light projector and the device for capturing an image are 
arranged such that a line extending betWeen the projector 




